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FOREWARD

This research project was in operation for over five years,
thus several persons were involved from its inception to its con-
clusion. The financial support for the projert was from the
U. S. Army Medical Research and Development Command. Lt, Col.

Roy Reuter has been the project officer at Cormnand since 1971,
The contract for the research was with Gorgas Memorial Laboratory,l
and Dr. Martin Young was the GML officer in charge,

Several military officers were involved in the conduction
of the resecarch. Maj. Karl Longley was responsible for iniating
the project and remained active in it to 1970. Cant. l.ea Ashmore
was in charge during 1970, and Maj. Fred Huff during 1971i. Capt.
Louis Eckley was assigned to the project as his major responsibility
from 1971-1974,

From 1972 through July, 1974, two sanitary engineers from the
University of Oklahoma, Dr. Larry Canter and Prof. George Reid,
served as advisors to the study. The final report is basically
the work of Eckley, Canter, and Reid.

Many other persons worked on the'project during its lifetime,
The most notable is Dr. Miquel Kourany, Gorgas Memorial Laboratory,

vho conducted the bacteriological analyses.
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Chapter 1

INTRODUCTION

The United States Army has a basic commitment to properly dispose
of wastewaters generated at its installations in the continental United
States and ;round the world. Since the effectiveness of most waste-
water treatment systems is dependent upon the optimization of biological
processes, and since these processes are influenced by the prevailing
environmental conditions, the use of similarly designed treatment
systems for global installations with differing climates would yleld
dissimilar effluent qualities. Therefore, treatment system design
must be adapted to the climate in the area of application. Thia 1=
particularly necessary for waste stabilization ponds since they
utilize processes which are dependent on natural physical, chemical
and biological mechanisms for wastewater quality improvement.

The Army has many installations in trcpical areas around the
world, and since pond systems provide a low-cost wastewater treat-
ment option, the research project summarized herein was criented
to the development of performance data and design criteria for waste
stabilization poad systems in tropical applications. The research
was conducted from early 1969 through 1973 on experimental field pond 3

systems located at Fort Clayton in the Canal Zone.
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1.1. Backeround for Studv in Canal Zone

During 1966 and 1967, the U. S. Sea-Level Canal Commission
conducted surveys to identify possible sea-level canal routes. One
of the potential problems which the Sea-Level Canal Commissior fore-
saw was the provision for wastewater treatment at construction base
camps and small communities to be located along a new canal. At
about the same time, the number of Army installations being bufilt
in Vietnam was on the increase, and there was a neced for an effective
and economical method for treating the wastewaters from these
installations. One method for accomplishing the need was believed

to be treatment of the wastewater through the utilizatfon of waste

stabilization ponds,

A review of the available literature on the design, operation,
and effectiveness of stabfilization ponds in tropical areas was
conducted in 1968. The survey showed that while stabilization ponds
had been used in the tropics for years there was very little avail-
able information on pond performance. As a result of these findings,
an application for research was submitted to the U. §. Army Medical
R & D Command. The research project was approved and was to be
conducted at a suitable tropical locati.r, which became the Canal
Zone, and evaluated over a period of years sufficient to encompass
several seasonal cycles. The general purpose of the research pro-
Ject was to determine the stabilization pond design and operational
criteria which offered the most efficient and economical means of

wastewater treatment for Army installations located in the tropics.
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1.2. Unique Wastewater Treatment Requircments at Army Installations

Military installations often have a short-term existence and are
relatively small in troop size, thus wastewater trecatment consideratisng
are directed toward low-cost processes that can be easily constructed
and placed into operation, and rapidly removed or abandoned when the
military requirement is terminated. An important corollary concern
is the protection of public health through the removal of pathogenic
organisms from wastewaters prior to disposal. In contrast to small,
temporary iunstallations, wastewater treatment needs also encompass
large, permanent facilities. 1In addition, even permanent facilities
may have variations in troop strength, thus causing wastewater flow
and organic loading variations on treatment systems,

Another unique feature of wastewater treatment needs at Army
installations results from variations of wastewater flows and qualicy
characteristics due to infiltration or exfiltration in sewer systems,
The wastewater may also contain excessive concentrations of pesticides,
motor pool oils and hospital wastes. Pesticides and oils may exhibig
toxicity to bacterisl systems, and hospital wastes can contribute

excessive or unique pathogenic organisms.

Finally, effluent quality standards vary with location in the

continental United States. Effluent standards may be less restrictive

to non-existent in many global installations.

1.3. Objective of Project

The broad objective of this research project as delineated

upon its inception in 1969, was as follows:

3=




To investigate and define ---

1) The roles of physical, chemical, and microbiological
paramcters in relation to operation of stabilization
ponds in tropical arecas. Particular emphasis will
be placed upon waste material characteristics and
loadings, dissolved oxygen, algae type and production,
and the influence of temperature and the relatively
high intensity sunlight of tropical areas.

2) The effect of stabilization pond environmental condi-
tions on the viability of certain enterobacterial
pathogens.

3) The effects of various detention periods, water dépths,
and loading fluctuations upon the operation and per-
formance of stabilization ponds in tropical areas.

4) bhximam acceptable loading limits, in terms of 5-day,
20°C biochemical oxygen demand (BOD) in relation to
design and operating parameters.

Specific sub-objectives added in 1971 and conducted in 1972-73
involved testing a single pond to organic loading failure, and the
study of a two-cell pond system. Sub-objectives added in 1972 ‘and
accomplished in 1973 included study of a three-cell pond system and
conduction of bench-scale experiments on selected health aspects of

pond operation. The health-related cxperimcnts were directed toward

the fate of Salmonella typhi in ponds, the fate and influence of

pesticides in ponds, and the dispersion of Escherichia coli in a

recelving stream for the pond effluent. The receiving stream for
the Fort Clayton ponds was the Panama Canal just downstream from the

Miraflores Locks.

1.4, Organization of Report

This report is organized into a series of chapters., Chapter 2

contains a review of literature on the applications, design and




effectiveness of ponds. Chapter 3 has a discussion of the five-year
experimental program and a summary of the operational fesults. Pre-
sentation of mathematical analyses of the field data is made in Chapter
4, including summary predictive and design relationships for the

single and multi-cell pond systems. Finally, Chapter 5 contains a
summary of the project results and a series of conclusions. The basic

five chapters are supported by a bibliography and appendices containing

collected and reduced data,




Chapter 2

LITERATURE REVIEW

This chapter contains a summary of the use of waste stabilization

ponds as a method of wastewater treatment. Although this research pro-
.ject was oriented to ponds in tropical areas, the literature review is
focused on pond research and usage throughout the world. The chapter
is divided into sections dealing with general information, the stabili-
zation process, bacteria in ponds, algae in ponds, viruses in ponds,
higher life forms in ponds, nutrient removals, the effects of climatic
conditions, design consideration, pond effluent quality, operation

and maintenance, and cest zonsiderations.

2.1. General Information

( Waste stabilization ponds may be defined as shallow, diked struc-
tures designed specifically to accomplish wastewater treatment by
natural biological, chemical and physical processes. Although holding
ponds and other lagoon facilities have purafied wastewater by
natural processes for many years, it is considered that the first pond
constructed according to sound engineering principles was built in
Maddock, North Dakota, in 1948 (Porges and Mackenthun, 1963). '

' Since 1948, ponds have gained wide acceptance, both in the
United States and in many other parts of the world, as a method of °

municipal and industrial waste treatment. In 1957, 27 states of the

:




United States had a total of 430 ponds serving the wastewater treatment
needs of 760,000 persons. By 1962, the number had increased to over
1300 ponds in 39 states benefitting a population of more than 2 million
persons (Wright, 1966). A survey made by the U.S. Public Health
Service in 1963 disclosed that 31 industrial groups were using 847
waste stabilization ponds as a means of treating their wastes (Porges

and Mackenthun, 1963). 1In 1966 more rhan 1200 municipal and industrial

ponds were serving the State of California alone (McGauhey, 1968),

According to a 1971 inventory, thcre was a total of about 4500
municipal ponds in use in the United States (Barsom, 1973). This total
does not include private ponds which serve individual homes, trailer
parks, schools, shopping centers, gas stations and other facilities.
Cloyna (1971) indicated that ponds were in use in 39 countries
in the weorld, including the United States. The data was for the period.
1964~-67. The 1ist of countries included Argentina, Australia, Bolivia,
Brazil, Canada, Colombia, Costa Rica, Cuba, Ecuador, Federal Republic
of Germany, Finland, German Democratic Republic, Ghana, Guatemala,
India, Israel, Japan, Kenya, Mauritius, ﬂgﬁ}co, Netherlands, New Zealand,
_Ngcaragua: Nigeria, Pakistan, Peru, Romania, Saudi Arabia, South Africa,
Southern Rodesia, Sweden, Thailand, Trinidad and Tobago, Uganda, Union
of Sovient Socialist Republics, United Arab Republic, United States of
America, Venezuela, and Zambia, Ponds were in use from the polar areas
to the equator,
Utilization of 181 pond installations in Latin America was reported
in 1971 by the Pan American Center for Sanitary Engineering and Environ-

mental Sciences (Talboys, 1971). Latin American countries not included

. -7-




in Gloyna's list (1971) were Chile, El Salvador, Panama and Canal
Zone, Barbados, Dominican Republice, Honduras and Uruguay. Three
pond systems were reported in Panama and the Canal Zone. Single ponds

treating piggery wastes were located in San Juan and Gatuncillo,

Panama; and the experimental ponds reported on in this stugz were

located at Ft. Clayton in the Canal Zone,

The phenomenal growth in pond anplications clearly indicates
that waste stabilization ponds have a place in wastewater treatment,
One factor in the increase in use has been flexibillity of pond
applications. Ponds may be used as primary, secondary, or tertiary
treatment of both municipal and industrial wastewaters. Te distinguish
between the more common types of ponds, the following definitions are
Presented:

1) Waste Stabilization Pond - A basin used to treat organic
wastes by natural biological, biochemical, and physical processes
commonly referred to as "self purification" (Wright, 1966). The terms
"waste stabilization pond" and "facultative waste stabilization pond”
are often used interchangeably. Waste stabilization ponds are also
referred to as oxidation ponds or lagoons.

2) Aerated Lagoon - A pond, commonly 6 to 15 ft. deep, in which
the principle source of oxygen is furnished by diffused or mechanical
aeration rather than photoéynthesis (Eckenfelder, 1966).

3) Aerobic Pond - A shallow depression, approximately 18 inches
deep, in which the suspended and dissolved degradable substances are °

stabilized by an aerobic microbial population. The biota are supplied




with requircd oxygen by algal photosynthesis as well as by gas transfer
at the pond surface (Fair, Geyer, and Okun, 1968).

4) Anaerobic Pond - A relatively deep basin (6-15 ft.) in which
the major portion of the éOD is reduced through methane formationm.

The process of degradation is essentially that of anaerobic digestion
(Oswald, 1960). These ponds may be used singly or prior to other ponds
in a series (pretreatment).

5) Facultative Pond - A waste stabilization pond of moderate
depth (3-6 ft.) which is divided by loading and thermal stratification
into distinct surface and bottom zones incorporating the mechanisms
of aerobic and anaerobic degradation, respectively. This is by far
the most widely used pond for the treatment of municipal wastewaters.

A facultative pond rcceiving untreated wastewater may be referred to
as a raw or primary wastc stabilization pond, and the second poud in
a series may be referred to as a secondary waste stabilization pond
(Gloyna, 1971).

6) Maturation Pond - A pond, usually last in a series, whose
primary function is the reduction of disease-causing microofganisms
through extended detention time (Gloyna, 1971)., A maturation pond 4
may be utilized for fish production.

Recently, several extensive reviews of the state-of-the-art of
ponds have been published (Canter, 1969; Caglayan, 1970; Gloyna, 1971;
Missouri Basin, 1971; and Barsom, 1973). Canter included a literature

survey in conjunction with a study of pond design criteria and experi-

mental pond performance in Colombia (Canter, 1969). Caglayan described




the theories associated with pond design and operation, particularly
as related to Middle East applications (Caglayan, 1970). Gloyna
summarized global information on waste stabilization ponds for the
World Health Organization (Eloyna, 1971). The Missouri Basin Engineer-
ing Health Council conducted a state-of-the-art survey of the design
of facultative ponds, aerated lagoons, and anaerobic ponds (Missouri
Basin, 1971). Barsom's study was oriented to factors limiting pond
performance and the impact of pond effluents on receiving water
quality (Barsom, 1973).

The Second International Symposium for Waste Treatment Lagoons
was held in Kansas City in 1970, and the pProcecdings are available
(McKinney, 1970). The first Symposium was held in 1961, Information

from both symposia is included in this review.

2.2 The Stabilization Process

Algae and bacteria exist in a symbiotic relationship in waste
stabilization ponds. Bacteria perform the same function in ponds as
they do in other biological waste treatment processes; that is, they
degrade organic material. A typical representation of the aerobic

bacterial deéomposition of organic material is indicated in Reaction 1,
6(CHZO)x + 50, ——> (CHZO)x + 5c0, + 5Hy0 + energy (Re. 1)
As denoted in Reaction 1, organiec material, represented as carbo-

hydrates 6(CH20)X, is converted into bacterial cellg (CHZO)x’ carbon

dioxide and water. The released energy is used in the synthesis of

-10-



new cells, Dissolved oxygen is used as the electron acceptor and,

as a result, is consumed. Although not included in Reaction 1, soluble
inorganic materials such as nitrates, phosphates, and sulfates are
returned to solution from the organic material in the wastewater.

Algae in waste stabilization pouds perform the function of pro-
viding some of the oxygen required by bacteria for aerobic decomposition.
The other major portion of the required oxygen would come from surface
reaeration. Chemically bound oxygen is the primary oxygen source
for anacrobic ponds. It has been estimated that algae can supply
from 125-250 1b. of 02 per acre per day, wherecas surface reaeration
can supply up to 40 1b. of.O2 per acre per day. Therefore, from an
Oxygen source standpoint, photosynthetic oxygenation can supply from
three to six times as much oxygen as can surface reaeratjor. A typ;cal

representation of photosynthetic oxygenation is listed in Reaction 2.

CO2 + HZO + inorganics + light-————>(CH20)x + 02 + energy (Re. 2)

New algae cells (CH20)x are formad from inorganic materials in the

presence of sunlight. In this process, dissolved oxygen is generated.
When the dissolved oxygen supply is not sufficient for maintaining

acrobic conditions, anaerobic degradation will occur. Anaerobic degrada-

tion occurs by a two-step process: 1) organic acid production and

2) methane production. Organic acid generation is represented by

Reaction 3, and methane production by Reaction 4 (Oswald, 1968).




COOH + energy (Re. 3)

> +
5(CH,0) (cu,0) + 2€i,

Z%CHBCOOH ——-‘%V(CHZO)X + 2CH4 +* 2C02 + energy (Re. 4)
Organic acids can be oxidized to carbon dioxide and water in the presence
of dissolved oxygen. This type of oxidation is indicated in Reaction 1.
Aerobic oxidation of organic acids can occur in the oxygen-containing
layer overlying the anaerobic layer in a facultative pond. A summary

of the required conditions or levels for each of the above four reactions

is shown in Table 2.1. (Oswald, 1968).

2.3, Bacteria in Ponds

Waste stabilization ponds contain a variety of bacterial species,
including obligate aerobes, facultative aerobes and obligate anaerobes.

McKinney (1962) repdrted on the presence of Pseudomonas, Flavobacterium,

and Alcaligenes in ponds. Gann, et al. (1968), indicated that Achromo-

bacter, Pseudomonas, and Flavobacterium are the predominant bacterial

species in both laboratory and field ponds. Coliform organisms,

Streptococcus faecalis, and sporeformers of the genus Bacillus may also

be present. Sulfate-reducing bacteria, "acid-formers" and "methane
producers"” are groups of anaerobic bacteria which are also present in
facultative and anaerobic ponds. Optimum aerobic bacterial populations

are in the order of 1010 per ml. (Oswald, 1968).
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Major Cenecra

In the aerobic layer of laboratory ponds, Gann, et al, (1968),

reported that Achromobacter accounts for 65% of the total bacteria;

Pseudomonas, 25%; and Flavobacterjum, 5%. These relative propor-

tions were also found in field ponds near Oklahoma City, Oklahoma,
with orgaic loadings ranging from 15-60 lb. BOD/acre/day.
Jourdan (1969) indicated that the major genera in untreated

Colombian wastewater included Achromobacter (78% of the total), Pseudo-

monas (11%), and Flavobacterium (6%). Treated Colombian wastewater

had 82% Achromobacter, and 7% each Pseudomonas and Flavobacterium.

The low percentage of Pseudomonas in relation to Gann's results (Gann,
et al., 1968) was probably due to the relative dearth of proteinaceous
material in the South American wastewater.

Ganapat{i and Amin (1972) recently reported on the microbiology
of the viscous scum that always develops on the surface of a pond within
the first few days after start-up. Zoogleal strains were found, with

these being similar to those found in activated sludge flocs.

2.3.2. Odors Due to Bacterial Action

Odors may be produced in ponds as a result of bacterial action
under anaerobic conditions. Organic acid odors and hydrogen sulfide odors
result from acid formation, and hydrogen sulfide odors result from methane

fermentation (McGauhey, 1968).

2.3.3. Fate of Pathogenic Bacteria

The fate of pathogenic organisms in waste stabilization ponds is

of major interest due to public health considerations. Bacteria, protozoa,

14~



viruses, ncmatodes, and fungi are some of the organisms in wastewaters
which can cause infectious diseases. Waste stabilization ponds usually
do not have separate disinfection facilities, and any disinfection which
occurs is from natural causes.

Specific determinations of pathogenic bacteria are not routinely
conducted dug to procedural complexities. Indicator organisms are used,
with the most common being total coliforms, fecal coliﬁorms and

Escherichia coli. Other bacteria such as Salmonella have been periodi-

cally studied. Many observations have been made on the percentage

removals of coliforms and Salmonella in both laboratory and field ponds,

including those by Towne and Davis (1957), Clare (1961), Malina and

Yousef (1964), Cody and Tischer (1965), Marais (1966), Gann, et al,
(1968), McGarry and Bouthillier (1968), Mauldin (1968) , Jourdan (1969),
Moawad and El-Baroudi (1969), Klock (1971), Georgia Water Quality
Control Board (1971), and Slanetz, et al. (1972).

A number of theories have been suggested to describe the
mechanisms involved in pathogen removal in ponds. McKinney (1962)
suggested that competition for nutrients between the parasitic pathogens
and the normal saprophytes is a major factor. This concept implies that
better pathogen removals will occur at lower organic loading rates.
Extensive bench-scale studies by Mauldin (1968) confirmed competition
for nutrients as the major rémoval mechanism. Other theories suggested
include bacterial die-away due to: the high pH resulting from utiliza-
tion of carbon dioxide by algae, algal production of mater.als toxic to
some bacteriu, and the bactericidal effect of sunlight (Pratt, 1944) .

Bacteriophages have also been found to be selective against E. coli
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and A. acropenes, and these phages may be vesponsible in part for the
destruction of coliform organisms.
Several equations which describe pathogenic organism removals

in ponds have been developed. Malina and Yousef (1964) advocated the

empirical relationship shown in Equation 1.

100

100 - P.R. = ';a{f;-i-

(Eq. 1)

where:

P.R. removal of pathogenic
bacteria (%)

K = reaction constant

=
]

detention time (days)

Marais (1966) suggested Equation 2 for a single pond and
Equation 3 for two ponds in series. Equation 2 is the same as the

Malina-Yousef equation.

100
100 - P.,R. = XRF 1L (BEq. 2)
100
100 - PR = TR F DR, ¥ 1) (Eq. 3)
where:

P.R. = removal of pathogenic bacteria (%)

K = 2.0 (Esch. coli)
= 0.8 (S. typhi)
R, = detention time (days) in pond 1
R2 = detention time (days) in pond 2
=16= /




Mauldin (1968) derived Fquations 4 and 5 based on laboratory
observations of the influence of organic loading, detention time, and
pond depth on pathogen rcmoval.

(100) (k") RO.04

P.R. = (Eq. 4)
L0.306Do.oo33

K' = 9.0089 L+ 2.55 (Eq. 5)
where: P.R. = removal of pathogenic bacteria (%)
K' = proportionality constant
L organic loading rate (lb. Bod/ac./day)
pond liquid depth (ft.)

detention time (days)

2.4. Algae in Pondsg

Algae is the collective name for microscopic plants which have -
chlorophyll and exhibit true photosynthesis. Photosynthesis (using
light as the energy source for cell synth?sis) is the'process that
converts simple, stable, inorganic compounds into an energy-rich com-
bination of organic matter and oxygen (Rabionwitch and Govindjee, 1965) ,

It has been estimated that more than 20,000 algae species can
survive and grow in aqueous environments (Palmer, 1962) ; however, in

waste stabilization ponds, environmental conditions limit the number of

predominant algae species to less than twenty-five. Palmer (1962)

defined four groups of algae: blue-green, green, diatoms, and pig-
mented flagellates. Table 2.2 contains a list of some of the character~

istics of the algae in each of the groups. A list of reported algal

species In ponds is contained in Table 2.3. Of the species included




TABLE 2.2: CHARACTERISTICS OF FOUR MAJOR ALGAL GROUPS (after Palmer, 1962)
Algal Group
Characteristic Blue-green Green Diatoms Pigmented
Flagellates
Color blue-green green to brown to green or
to brown yellow~-green light green brown
Location of throughout in plastids in plastids in plastids
pigment cells
Starch absent present absent present or
absent
Cell wall inseparable semirigid very rigid, thin, thick,
from slimy smooth or with regu- or absent
coating with spines  lar mark-
ing
Nucleus absent prescnt prescnt present
Flagellum absent absent absent present
Eye spot absent absent absent present




TABLE 2.3: OBSERVATIONS ON ALGAL SPECIES IN WASTE STABILIZATION PONDS

Algal group
Palmer (1962) Algal species References®

Blue-green Anabaena (1)
' Anacystis (1)
Oscillatoria )

Phormidium (1)

Spirulina (2)

Ankistrodesmus (1,(3),(2)

Chlorella (4) a(l) )(S)a(3))(6) )(2)
Cladophora €))

Micractinium (1),(8),(6),(2)
Palmellococcus (9) ‘
Scenedesmus (1),(8),(9),(),(6)
Spirogyra (4)

Ulothrix (4)

Vaucheria (4)

Diatoms - Navicula ' (6)

Pigmented
Flagellates Chlamydomonas (1), (5),(3),(6)
Euglena (4),(1),(8),(9,3), (6) (2)
Rhodomonas (9

Gloyna (1968)

Marais (1966)

Mackenthun (1964)

McKinney (1962)

Fisher (1968)

Wilson (1960)

Svore (1968)

Mills (1962)

Thirumurthi and Nashashibi (1967)

-
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in this list, the most frequently occurring are Ankistrodesmus,

Chlorella, Micractinium, Scenedesmus, Chlamydomonas, and Euglena.

Photosvnthesis and Respiration

The light energy utilized in photosynthesis is mainly in the
red portion of the visible spectrum, and specifically in the wavelength

range between 4000 & and 7000 £ (Rich, 1963). The light energy is
absorbed by the colored pigments in the algae cells, and then the

absorbed energy is transferred to the chlorophyll molecules within the
cells. The efficiency of solar energy conversion into useable photo-

synthetic energy was estimated to be 2-47% by Rich (1963), while Herman

and Gloyna (1958) indicated a utilization efficiency of 2-9%, with

5% being common.

2.4,.2. Environmental Requirements cf Algae

Environmental factors affec:ing algae have been classified by

Pipes (1961) into three major groups: 1) physical, 2) chemical, and
3) biological,

The major physical factors are light (solar radiation) and
temperature. The rate of photosynthesis increases as light intensity
increases to « point; then over a certain range of fntensity the rate
of photosynthesis is constant; and finally, for very high intensities, -
the rate of photosynthesis decreases with increasing light intensity.
The independent range extends from about 500 to 5000 ft.-candleg.

The solar energy available for photosynthetic utilization is a

function of geographical location (latitude), elevation, season, and
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meteorological conditions. The greatest amount of solar energy is i
available at the equator, with this amount decreasing toward the poles,
The available solar cnergy at any geographical location increases with
increasing elevation above sea-level. There is an annual variation in
available solar energy due to secasonal conditions; that is, more solar
energy is available in the summer than in the winter in the northern
hemisphere. :The meteorological condition most affecting sunlight is
the degree of cloudiness. There is less sola. energy available on
cloudy days than on clear days.

The permissible water temperature range for algae growth is
from 4°c to 40°C (Oswald, 1968; McGauhey, 1968). The optimum range
is between 18°C and 40‘%, depending on the algae group (Palmer, 1962).
The optimum range for diatoms is 18%C to 30°C, for green algae it is
30°¢c to 35°C, and for blue-green algae it is 35%¢ to 40°C.

The major chemical factors are nutritional substances, pil, and
toxic materials (Pipes, 1961)., The nutritional requirements for algae
are: 1) an energy source (sunlight), 2) macronutrients, 3) micro-
nutrients, and 4) certain specific organic structures known as growth
factors. The quantity required by the algae distinguishes between
macronutrients and micronutrients, not the éoncentration of these
elements in the water. The required macronutrients include carbon,
hydrogen, oxygen, nitrogen, phosphorus, and potassium (constituent of
algae cell sap). The required micronutrients include iron, magnesium

(constituent of chlorophyll), calcium, boron, zinc, copper, manganese,

cobalt, molybdenum, and others (Pipes, 1961; Varma anh Taltot, 1965).
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Algae can utilize inorganic nitrogen in the ammonia (NHJ) form, the
nitrite (NOE) form, or the nitrate (NOS) form. The nitrate form seems
most conducive to algae growth.

The pll of a water environment greatly affects the biological
activity therein. Most biological organisms exhibit optimum growth in
certain pH ranges. Photosynthetic oxygenation occurs best between pH
6.5 and pH 10.5, all other factors being equal (McGauhey, 1968).

Almost any chemical substance will be!toxic to algae if present
in sufficient concentration. Gloyna (1968) presented information on the

toxic effects of several organic chemicals on Chlorella pyrenoidosa.

Reid and Assenzo (1961) reported that ferric oxide (Fe203) in concentra-
tions greater than 5 mg/l is toxic to algae. McGauhey (1968) indicated
that calcium, chlorine, copper, and chromium are substances which can

be toxic to algae.

2.4.3. Composition of Algae

Several empirical formulas and the percentage composition of the
basic elements of algal cells are indicated in Table 2.4. Based on algae
composition and Reaction 2, Rich (1963) indicated that from 1.25 to 1.75
gn. 02 is produced per gm. of algae syntheéized. With satisfactory l
illumination, temperature, and nu;rifion, photosynthetic oxygenation may

give rise to 200-250 1b. O, per acre per day (Mackenthun, 1964).

2

2.4.4., Effects on Pond Characteristics

Algae can exert an effect on several characteristics of the

liquid in waste stabilization ponds, including pH, alkalinity, hardness,

=22~
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TABLE 2.4: ELEMENTAL COMPOSITION OF ALGAE

Elemental Composition (%)

Empirical
Refercences*
formula C H ) N P
CSH802N* 52.63 7.02 28.07 12,28 - (1)
%
C5.7H9.802.3N 53.02 7.60 28.53 10.85 (1)
C.O6H180045N16P1 52.41 7.42 29,66 9.23 1.28 (2)
WU,
“7.62“8.0802.53N 59.38 5.25 26.28 9.09 (3)
49-70 1.4-11 0.9-2.0 (4)

*Chlorella

*%References -~

W

McKinney (1962)

Gloyna (1968)
Cooper (1968)
Bogan (1962)
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turbidity and color (Palmer, 1962; McKinney, 1962). During pcak
photosynthetic activity, algac may utilize carbon dioxide from the
natural carbonate buffer system. The resultant hydroxyl ioas (oK)
cause an incrcase in pH, perhaps as high as pH 10 or 11, during the
daylight hours. During nonphotosynthetic periods such as the night-
time, the pH returns to near ncutrality. Since the predominance

of the three components of alkalinity (HCOS, co

3)

of the pH, diurnal variation of pH will cause a corresponding variation

OH-) is a fuanction

of alkalinity. Oswald (1968) indicated that 300 mg/l alkalinity is
required to support algac growth. Some hardness removal may also occur
duec to precipitation of CaCO3 at the high pH values which occur.
Vigorous algac growths have decreased water hardness by as much as one-
third (Palmer, 1962). As substances begin to precipitate at ﬁigh pH,
this may cause flocculaticn and s;bscquent settling of algae and
bacteria (Oswald, 1968; Pipes, 1961). Dense algal growths increase

the turbidity of pond water. Algac usually impart a characteristic

grecen color to water,

2.4.5. Algae Predators

Several biological species are predatory to pond algac. Rotifera

,\___M

and Cladocé;zwz?ﬁ“vgeda;ggs indicated by Oswald (1968). In ponds sub-
jected to organic loadings of less than 10 1b. BOD/acre/day, algae may

be consumed by Daphnia and Cyclops (Gloyna, 1968). Wilson (1960) fouad

that water fleas such as Daphnia longispina could feed on algae and -

cause an almost complete disappearance of it. Some algal cells may

-2«




SESEIE

settle to the pond bottom and be consumed by Chironomus larvae (Cloyna,
1968). A recent study in Texas was directed toward the controlled

utilization of Daphnia for pond effluent quality control (Dinges, 1973).

2.5. Viruses in Ponds

The removal of viruses in ponds has not been as extensively

8

investigated as the die-away of bacteria. Publications which appeared

as eprly as 1951 cited the isolation of enteric viruses from waste-
water, however, much remains to be learned about quantitative evalua-
tions (Clark, et al., 1951; Chin, et al., 1965).

Englande, et al,, (1965) conducted a virologic study on waste
stabilization ponds at Santee, California. The Santee treatment
system involved primary settling, an activated sludge unit, retention
in a 15-acre pond with a detention time of approximately 30 days,
filtration through a natural sand and gravel layer, and chlorination.
An average virus removal of 917% was reported for a 3-year study, Virus
reduction in ponds are due primarily to the long detention times.

The fate of enteric viruses in three New Hampshire pond systems
was recently reported on by Slanetz, et al. (1972). Enteric viruses
wvere isolatea from a majority of the effluent samples from these

ponds during all scasons.

2.6, Higher Life Forms in Ponds

Waste stabilization ponds may support transient organisms

such as water fowl, rodents and those forms having aquatic phases in

-25-




their life cycles. Water fowl are of concern irn suic instunces because
of the possibility of the spread of disease through migration. Duck,
fish, otters, beavers, and rodents may utilize ponds as resting,
feeding and nesting places (Clare, 1961).

A recent study revealed 60 species of aquatic insects inm 18
central Missouri ponds (Kimberle and Enns, 1968). One or more of three

species of midges, Glyptotendipes barbipes, Cuironomus plumosus, and

Tanypus punctipennis comprised more than 94% of the total number of

collected insects. Predominant mosquito species observed include

Culex tarsalis and Culex pipiens (the primary vectors of encephalitic

discases). It has been found that emergent vegetation is the principal

factor conducive to mosquito breeding in ponds (Kimberle and Eans, 1968).
The dominant protozoa in ponds varies primarily with organic

loadings. Near the inlet the flagellate Chilamonas is found, but it

yields to the free-swimming ciliates such as Colpidium, Paramecium,

Glaucoma, and Euplotes. With increased bacterial populations the

stalked ciliates Vorticella and Epistylis occur. 1In ponds with
loadings of less than 10 lb. BOD/acre/day, higher animal forms such

as Daphnia, Rotaria, and Cyclops may flourish (McKinney, 1962).

2.7. Nutrient Removals

'll"" -
The removal of inorganic nitrogen (NH3. NO3, NOZ) in ponds may
exceed 90% in the summer (MacKenthun, 1964). For algae grown on
domestic wastewater, nitrogen may be limiting with respect to the

sources of phosphorus and carbon.
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Due to relative cell compositions, algae can better rcmove
phosphorus from wastes than bacteria; however, the removal rate is
lower. Phosphorus removals in ponds have been reported as erratic,
ranging from 10% to 90% (Bogan, 1962). The mechanisms of phosphorus
removal in ponds are by metabolic uptake and by chemical coagulation
of phosphorus followed by adsorption on the slgal cells. Pipes (i961)
has indicated that the high pH in ponds cuases monobasic and dibasic
acid phésphate ions to be converted to orthopiosphate ions, and then
calcium phosphate precipitates.

Reid and Assenzo (1965) reported on the removals of nitrogen
and phosphorus in several central Oklahoma ponds. The optimum nitrogen
to phosphorus ratios for nutrient removal varied from 5 to 1 to 10 to
1; the BOD to phosphorus ratio varied from 16 to 1 to 78 to 1. Nitrogen
and phoesghorus removals for the seven ponds in the study ranged from

30 to 95%.

2.8. Effects of C]imatié Conditions

The major climatic conditions which affect pond performance are

temperature, solar radiation, and windspeed.

2.8.1, Temperature

-

Temperature affects the rate of algal and bacterial metabolism
and hence the rate of photosynthesis and organic degradation. Hermann
and Gloyna (1958) reported that in latitudes with negligible winter ice

covér, temperature may be much more influential in determining pond




efficiency than available light energy since sufficient solar radlation
would be available throughout the yecar.

Temperature also affects pond performance in still a different
manner: Algal cells acting as black bodies increase pond effectivceness
in the absorption of light. Since algae use less than 10% of this light
energy for photosynthesis, the remainder is cbsorbed as heat and the
upper layers of ponds are readily warmed. The resultant relatively
warn, less dense surface waters resist mixing with the cooler, denser
waters beneath, and thermal stratification may occur. The waters
above the thermocline contain dissolved oxygen in varying amounts;
vhereas, the watcers below rarely contain any dissolved oxygen except
during periods of strong winds. Facultative ponds must maintain the

inteerity of thesc twvo zones to prevent diccolved exygen interference
P

with benthal digestion.

2.8.2. Solar Radiation

Solar radiation is used by algae as the energy source in the
process of photosynthesis. The available solar radiation at a given

location is a function of latitude, season of the year, elevation, and

cloud cover. Table.2.5.contains the probable values of visible solar

energy as a function of latitude.and.energy (Oswald an& Gotaas, 1955).

From Table 2.5 it can be scen that the available"solar_énergy on a

bright day in the temperate zone is about 300 Langleys (9000 ft.-candles) .
_~The-euphotic zone, that is the zone in which light penetration

{8 effective 'in photosynthesis, may vary from a few inches to a depth




TABLE 2.5: PROBABLE VALUES OF VISIBLE SOLAR ENERGY AS A FUNCTION OF
LATITUDE AND MONTH

/

*Values of S in Langleys, cal/(cmz) (day)

Correction for cloudjiness:

g, Sin r(smax =

)

min

" 'where: . T WY pRC I N R e
o r'= total hours sunshine/total possible hours sunshine

. ‘Correction for elevation up.cp'I0,000.ft.:ﬁ. iy . i 2 B
B . i - sc = S(L.+ 0.0le) ..

- N, B=
S S CaEL

D Viherdr w0 T n R ERE s
) e = elevation in hundreds of feet
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of up to 3 fect depending on climatic conditions. Towne and Davis
(1957), while studying ponds in the Dakotas, found that only 1% of
surface light penetrated the upper 6 inches. It is therefore apparent
that only a small fraction of the pond volume actually contributes to
oxygen production, Added emphasis is thus placed on vertical mixing
induced by wind.

-t

2.8.3. Windspeed

Wind is important in promoting surface reaeration, and wind can
also cause surface de-aeration under supersaturated conditions with
respect to dissolved oxygen. However, the most impertant function of
wind is in the promotion of mixing of the pond contents (Watters, et
al., 1973).

A wminimum of work has been done on the quantitative require-
ments of windspeed for the promotion of mixing. The wind velocity
required for mixing is considered to be related to pond size (Towne
and Davis, 1957). In the midwestern United ﬁtates, an exposed waterx
distance of 650 feet will usually insure circulation in a pond with a
depth of 3 feet (Hopkins and Hopkins, 1961).

Excessive windspeeds can create wave action within ponds, and
these waves may accelerate erosion of.pond levees at the waterline.
In North and South Dakota, pond water surfaces will resist wave
formation when windspeeds are less than 30 mph (Towne and Davis,

1957) .
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Desiesn Considerations

The engineering design of a waste stabilization pond is critical

to satisfactory operation and treatment efficiency. The approach to

design depends upon whether the pond is a single or multi-cell system,
and whether it is to be an aerobic, a facultative, or an anaerobic
facility, or some combination thereof. The two approaches in design
are to: 1) use design criteria basically developed from satisfactory
operating experience, and 2) use empirical de+ign equations which havye

been developed from experimentation,

2.9.1. Design Criteria Based on Usage

The most critical design parameter for waste stabilization ponds
is the organic loading rate. The allowable organic loading is a function
of the rate at which biological processes can satisfactorily decompose
the organic matter without creating nuisance conditions. This rate is
a function of a number of climatic variables, with temperature being
the most important. Towne and Horning (1960) reported on the influence
of ice cover and open water in arriving at a loading rate design
factor,

In geograrhical regions where long beriods of winter ice
cover prevail, it is impossible to maintain aerobic conditions even

with loading rates of less than 20 1b, BOD/acve/day. Studies of
ponds in the Dakotas indicated that the allowable organic loading
rate is dictated by the rate of reaeration during the critical season

following ice break-up (Towne and Horning, 1960). Design loadings




are generally in the range of 20 1b. BOD/acre/day in areas with long

periods of ice cover. Loadings are thercfore low, not for increasing
treatment efficiency in terms of BOD reductions, but rather to prevent
occurrence of nuisance conditions during certain periods of time. In
some cases, essentially complete winter retention may serve as the
basis for design rather than the organic loading rate. North Dakota,
for example,zrequires provision for 150-day flow retentioa with
discharge in the fall season when maximum stasilization has been
accomplished.

In those geographical areas where winter ice coverage does not
prevail, it has been shown that much higher loading rates than those
common in colder areas are practical. (Neel, McDermott and Monday,

1961; Mills, 1961; Horning, et al., 1965; and Williford and Middlebrooks,
1967). Loading rates of up to 200 1b. BOD/acre/day were found to be
feasible.

At Danang, Vietnam, U.S. Navy engineers reported that a loading
of 220 1b. BOD/acre/day was satisfactorily treated while maintaining
aerobic conditions near the surface of the pond. In a laboratory-scale,
24 square meter system, shallow cells readily stabilized domestic waste-
water at loading rates of 600 1b. BOD/ acré/day without becoming anaerobic.
The BOD reductions averaged 62% after a detention time of four days
(Duttweiler and Burgh, 1969).

Canter (1969) and Canter, Englande and Mauldin (1969) reported
on pond performance for loading rates up to 100 1b. BOD/acre/day in
both bench-scale and field ponds in Colombia, South America. The average

BOD removal was 93% with the algal cells removed from the effluent.
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Canter and Englande (1970) reported on a survey of facultative

pond design criteria used in 1968-69 in the United States. For analysis .
of the data, the 50 states were divided into three groups based dn

their general climatic conditions, The northern-most states have a

cold climate with prolonged pe?iods of ice cover on ponds during the
winter. The central states generally have less severe winters and
experience Snly short periods of pond ice cover. The southernmost

states have mild climates and experience esseatially no ice cover.

The grouping of states as discussed herein is listed in Table 2.6.

The following findings were observed:

(a) Organic Loading

As shown in Table 2.7, the recommended organic loading
throughout the United States varies with latitude. The northern states
have a mean design loading rate of 26 lb. BOD/acre/day, or an average
population per acre of 124; central states have a mean loading rate ‘
of 33 1b. BOD/acre/day, or a mean population per acre of 189; and the
southernmost states have a mean design loading of 44 1b, BOD/acre/day,
or an average population per acre of 267, These results indicate
that higher organic loadings are recommended as latitude location
decreases, and this is directly related to corresponding milder
climatic conditions.

(b) Detention Time

As shown in Table 2.7, the design detention time is also
a function of latitude. Northern states have an average detention time

of 117 days, whereas central and southern states have a mean of 82 and




TABLE 2.6: REGIUNAL GROUPING OF STATES FOR QUESTIONNAIRE ANALYSIS

Central

Alaska Colorado Alabama
Connecticut™ Delaware Arizona

Idaho Illinois Arkansas

Maine Indiana California
Massachusetts Iowa “lorida
Michigan Kansas Georgia
Minnesota Kentucky Hawaii

Montana Maryland Louisiana

New Hampshire Missouri Mississippi
New York Nebraska New Mexico
North Dakota Nevada . North Carolina
Oregon New Jersey Oklahoma

Rhode Island Ohio South Carolina
South Dakota Pennsylvania Tennessee
Vermont Utah Teras
Washington Virginia

Wisconsin West Virginia ,

Wyoming




TABLE 2.7: QUESTIONNAIRE RESULTS ON ORGANIC LOADING AND DETENTION
TIME DATA '

Value Given in Region
Variable

North Central South

Number of states ‘ 18 f 17 15

Organic loading (lb. BOD/acre/day) )
Mean 26 33 44
Range 16.7-40 (5)* 17.4-80(l)  30-50 (2)
Median 21 33 , 50

Loading (population/acre)
Mean 124 189 267
Range 100-200(7) 100-400 (4) 175-300 (3)
Median 100 200 295

Detention time (days)
Mean - 117 82 31 .
Range 30-180 (11) 25-180 (5) 20-45 (9)
Median ' 125 65 31

*Number in parenthesis indicates the number of states for which no value
was obtained.




31 days, respectively. Evaporation is considered in the design deten-

tion time in certain southwestern states (Nevada, Utah, and New Mexico) .,

Calculations indicate that the increased detention time with increasing
latitude results from a combination of decreased organic loading and
the specification by some states that the entire winter flow be
accommodated because of treatment difficulties experienced with pond

ice cover.

(¢) _Liquid Depth ic

The average recommended liquid depth throughout the United
States is 4 ft. Minimum depths are specified to discourage protuberant
weeds, whercas values greater than maximum specific depths may cause
inefficient pond operation. The minimum recommended depth in the
nothernmost and central states is 2 ft., and in the southern states it
is 3 ft. The maximum recommended depth is 6 ft. in the northern states,
15 ft. in the central and 5 ft. in the south,

(d) Frecboard

The average recommended freeboard between the liquid sur-
face and the top of the surrounding levee is 3 ft. for the northernmost
and central states and 2 ft. for the southernmost states. The minimum
recommended freeboard in the northernmost sfates is 2 ft. and the
maximum is 3 ft.; in the central staées, 1.5 ft. and 3 ft.; and in the
southeranmost states, 1.5 ft. and 3 ft., respectively,

(e) Levees
Several considerations are involved in the design of pond E

levees, including top width, interior and exterior slopes, lining, and
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vegeration control. The maximum and minimum recommended levee top
widths are 12 ft. and 8 ft,, respectively, in the northernmost states.
In the central and southernmost states the corresponding values are
10 ft, and 6 ft., respectively., Twenty-seven states recommend a levee
top width of 8 ft.

The maximum recommended interior slope is 2.5 horizontal
to 1 vertical for the northernmost states, 2:1 for the central states
and 2:1 for the southernmost states. The cor-esponding minimum interior
slopes are 6:1 for the northern states, 6:1 for the central states, and
4:1 for the southern states. An interior slope of 3:1 was either mentioned
directly or in the recommended range in 36 states. The maximum recom-
mended exterior slope is 2 horizontal to 1 vertical for all three groups
of states. The corresponding minimum slopes are 3:1 for the northern
states, 6:1 for the central states, and 4:1 for the southern states.
An exterior slope of 3:1 was either mentioned directly or in the
recommended range in 32 states.

An impervious lining is usually required if the levee
seepage rate is excessive. Liner materials specified include riprap,
clay, bentonite, diatomaceous earth, and asphalt. The sodium adsorp-

tion ratio of the wastewater has been found to have an influence on

stabilization pond sealing‘(Matthew and Harms, 1969). As the ratio

increases, the probability for natural sealing increases as a function
of the type of soil,

Vegetation control for public health purposes consists of

mowing, changing of water level, burning, and the use of herbicides.




(f) Geometric Confipuration

Square and rectangular ponds are the most popular geo-
metric configurations. Twelve states (Alaska, Montana, New York,
Wisconsin, Colorado, Indiana, lowa, Kansas, Kentucky, Ohio, Pennsylvania,
and North Carolina) recommended that the pond length not exceed three
times the pond width for a rectangular configuration. Circular, oval,
and ellipti;al poiads were also mentioned as being acceptable. Missouri
and Texas indicated that the pond shape could be in accordance with the
terrain. In a study of pond shapes in Mississippi, rectangular facilities
vere found to enhance better liquid distribution and decrease short-
circuiting over circular or irregular-chaped ponds (Shindala and Murphy,

1969) .

(g) Number of Ponds

The majority of the states recommend the use of multiple

ponds in order to provide operational and maintenance flexibility.
Hydraulic arrangement of multiple ponds to permit either series or
parallel operation is desirable. Wisconsin suggests that the area of
the secondary pond in a series operations be only 25 to 33 percent
as large as that for the primary pond. Single ponds are generally

approved only for smaller installations.

Several recent studies ﬁave been directed toward the

performance evaluation and design of two and three ponds in series
(Englande, 1968; Mauldin, 1968; Moawad and El-Baroudi, 1969; Canter,

1969; Shindala and Freeman, 1970; and Aguirre and Gloyna, 1970).




()  Pond Bottom

Most states recommend that the pond bottom be level,
cleared of vegetation and impervious. The specified extent to which
the pond bottom should be level varies from + 3 in. to + 12 in,
Illinois recommends that pond bottoms be dished near the inlet in
order to provide for solids deposition., Missouri recommends a
depression around the inlet which has a depth equal to the inlet
pipe diameter and a radius of 25 to 50 feet,

(1) Inlet

All states recommend a submerged discharge located far
enough from any banks or !avees to insure minimum interference with
normal circulation. For small square or circular ponds, 32 states
prefer a center discharge, whereas for larger rectangular lagoons,

17 states recommend discharge at the center one-third point most distant
from the outlet. Multiple inlets are recommended by several states.
Design features generally specified include horizontal discharge

into a shallow, saucer-shaped depression for gravity flow, and vertical
or horizontal discharge for forced rlow. Submerged discharge onto a
concrete pad is generally accepted. Gravity influent lines are

required by 25 states to be located along the pond bottom with the

top of pipe just below the average pond bottom elevation.

(j} Outlet

The preferred outlet location is generally at the far

point from the inlet on the windward side to minimize short-éircuiting.

Some states specify that the location of outlet should be away from
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corners where accumulations of floating matter are heaviest. The most
common design features incorporated include the ability to control
liquid depth, drawoff ncar but below the liquid surface, design to
permit complete pond drainage, and baffled overflow. These features
are recommended by 33, 16, 11 and 9 states, respectively,

Lk) Miscellancous

' Stock-tight fencing, appropriate signs, and influent
flow measurements are required by 18, 14, and 16 states, respectively,
Disinfection of the effluent by the addition of chlorine is required
by several states. North Carolina and Ohio recommend an isolation
distance from residences of 100 and 500 ft., respectively, whereas
for Utah and Tennessee, 1000 ft, ig specified. North Carolina and
Tennessee recommend that dikes have rounded corners to minimize

accumulation of floating materials.

2.9.2. Design Criteria for Developing Countries

Design approaches for waste stabilizations ponds in developing
countries are presented by Callaway and Wagner (1966), and Gld}na

(1971) . Specific design recommendations for Colombia are presented

by Canter (1969). =

2.9.3. Empirical Design Equations

Empirically-derived design equations have been promulgated by
some researche;s. In establishing pond design criteria, Herman and

Gloyna (1958) gave particular emphasis to the effect of temperature




and 1ts influcuce on the retention time in order to attain a given
reduction of BUD. These criteria were developed after observing small
laboratory ponds, pilot plants, and field installations. They found that
the empirical relationship indicated in Equation 6, called the rational
equation, has considerable merit for common types of wastewaters,
particularly in the temperate and Warmer areas. A minimum pond depth

of 6 ft. {is recommended.

V=10.7x10%qye(s5 - 1 (Eq. 6)
where:
V = waste stabilization pond volume
(acre-ft,)
Q = wastewater flow (gal. per day)
y = influent 5-day, 20° Bop (mg/1)
T = temperature (°C)

8 = temperature coefficient = 1.072

For more conservative designs, a 0 value of 1.085 may be used !
in place of 1.072, 71t is important to note that this approach produces
an allowable organic loading rate based on volume rather than surface
area. 1In so doing, added emphasis 1 placed on temperature rather
than solar radiation,

Aguirre and Gloyna (1970) developed an improved rational design
equation, shown as Equation 7, for determining the required surface

areas for facultative ponds.
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A =3.07 x 1073 y 1.085033

where:

surface area (acres)¥*

flow (million gallons per day)
influent ultimate BOD (mg/1)%*
average temperature of coldesgt
month (OC)

algal coxicity or compensation
factor, f = 1 for most domestic wastes
sulfide correction, f' = 1 for SO

4
ion concentrations of less than 500

mg/1 for equivalent sulfur.

*This is based on a depth of 5 feet plus a sludge storage zone of one
foot for all primary facultative waste stabilization ponds, The added
foot need not be provided if an anaerobic pond preceeds the facultative
waste stabilization pond, *¥%*%

**For domestic wastes containing unusually‘large amounts of settleable
but biodegradable wastes it will be necessary to take special precautions
to obtain a true equivalent ultimate BOD,

***The BOD5 removal efficiency can be expected to be about 907 as based
on unfiltered influent samples and filtered effluent samples., The
efficiency of removal based on unfiltered effluent samples can be
expected to vary considerably but normally the values will range
between 70% and 85%,
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Marais and Shaw (1961) proposed an empirical design equation
in which it is assumed that there 1s complete and instantaneous mixing
and that the degradation of organic matter takes place according to a
first-order rcaction which is not temperature dependent. The Marais

and Shaw equation was subsequently refined as shown in Equation 8:

L =_.6£?__.._. (Eq. 8)
0.18 d + 8 i
where:

Lp = effluent BODS (mg/1)

d = depth (m.)

Vincent developed an empirical design relationship for !
anaerobic ponds in tropical and subtropical regions (Gloyna, 1971).
By assuming an influent and pond temperature of 20°C, Equation 9

was formulated:

L = (Eq. 9)
P Kn<l‘2 T x4

where:

L = pond and effluent BOD5 (ng/1)

<
[}

influent BOD5 (mg/1)

~
f

detention time for completely mixed :
system (days)
K = design coefficient

n = expenent, for Zambia n = 4.8,

=43~ 3

i




Thirumurthi and Nashashibi (1967) proposed a pond design

approach based on reactor theory considerations usually applied to
chemical engineering problems. They verified their theoretical
design in laboratory experiments.

The stabilization of BOD in a pond has been described by a
kinetic model (Gloyna, 1971) as follows:

y
L =

P Kp Rp + 1

where:
Lp = pond and effluent BOD5 (ng/1)
y = influent BOD5 (mg/1)
'KT = BOD stabilization rate at temperature
T, T 1n°C, and KT in per day

RT = detention time at temperature T (days)

The assumptions for the kinetic model are: 1) the influent
BOD is stabilized by facultative organisms, 2) there is complete mixing,
and 3) stabilization is by a first-order reaction.

Another empirical approach formulating organic loading has been
obtained from performance and loading relationships (Herman and Gloyna,
August, 1958). Data compiled from 18 aquarium models operated under
both indoor and outdoor temperature and lighting conditions yielded
a straight line relationship as indicated in Equation 1l1. Pond failures

at excessive loadings provide a practical limit to the applicability

of this equation.




P =100 - 0.05 (L) (Eq. 11)

where:

P = percent decrease in BOD5 in laboratory

ponds

L = loading rate (1b. BODSIacre/day)

Englande (1968) developed Equation 12 for centrifuged samples

based on both laboratory and field tests. Ejuation 12 is similar to

Equation 11.

P =93 -0.02 (L) (Eq. 12)

McGarry and Pascod (1970) have shown that area DOD rvemoval can

be estimated through knowledge of area BOD loading:

L =9.23+0.725 y (Eq. 13)

where:
L. = areal BOD removal (1lb./acre/day)

Y = influent BOD, (mg/1)

Equation 13 applies to tropical and temperate zones and has a

standard error of estimate equal to 14.9 1b./acre/day.

Siddiqi and Handa (1971) developed a design relationship for

facultative ponds based on operational experiences in India. The per-

formance efficiency can be described by Equation 14:

<45~




ol S

100

1+ 0,188 Lfo'48

where:
P = BOD removal efficiency (%)
Lf = load factor which is ratio of BOD
loading (1b./acre/day) to oxygen pro-
duction by algae (1b./acre/day); Eq. 14

applies for Lf values between 0.44 and 8.0,

Gloyna (1968) has suggested that consideration be given to the g
contribution of the bottom sludge layer to the total organic loading
imposed on a pond. 1In the sludge layer anaerobic degradation occurs,
resulting in gas evolution and release of fermentation products; these
products can exert a considerable BOD and perhaps should be considered
in design. As a rule of thumb, Gloyna suggests using a weighted average
of soluble BOD5 of the influent and the ultimate BOD of settleable solids

for the value of influent BODS. A further refinement of this approxima-

tion is shown by Equation 15.

.Y :
1
Y = Y £ +cf Eq. 15)
YPoRe +1 “ ps) o

where:

Y = ultimate pond BOD
up
Yui = ultimate influent BOD

t = retention for completely mixed system

n
]

fraction of influent BOD to pond liquid
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fa = fraction of influent BOD to sludge

layer

cp = fraction of fermentation products from

sludge layers entering pond liquid

X = degradation rate

Empi}ical design approaches for high-rate aerobic ponds are

presented by Rich (1963), Jayangoudar, et al.'(1970), and Gloyna (1971).

2.10. Pond Effluent Quality

Serious objections to pond use are usually based on potential
nuisance and operational problems aﬁd the effect of pond effluents on
downstream water quality (Barsom, 1973). Undesirable fly and mosquito
breeding may occur in ponds which have uncontrolled weed gfowths. Odors
may result from ponds which have become overloaded, or are experiencing
the spring break-up of ice cover. Prolific algal growths can create
algal mats and scum layers on pond surfaces. The presence of surface
active materials in sufficient concentrations can cause froth and foam
both on the pond surface and in the effluent. Effluent BOD and suspended
solids may exceed discharge standards (Dougall, 1973).

Concern regarding pond effluent quality has céntered around the
possible presence of pathogenic organisms and the demand exerted on the
oxygen resources of the receiving stream due to algae respiration and
algal cell decay. The BOD in the pond influent is not completely
removed; it is in part transferred into another form (algal cells).

In addition, algae have been found to affect BOD test results (Varma,
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Horn, and Reid, 1963). There are other effects that algae can exert
on stream qualgty. The presence of algae may create limitations on
downstream water uses such as recreation. Downstream water treatment
plant costs may also increase. Decaying algae can create nuisance
oders in the receiving body of water. Some algae are capable of
releasing metabolic by-products which are tovic to bacteria and other
life forms.‘

Several facets of design and operatior can be utilized in order
to optimize pond effluent quality. These include: 1) prevention of
hydraulic short-circuiting, 2) outlet design to permit effluent with-
drawal from various depths, 3) chlorination, 4) use of tertiary treat-
ment, and 5) use of biological approaches for algae control.

The hydraulic arrangement of ponds to minimize short-circuiting
of flow is necessary in order to insure provision of the design deten-
tion time. The use of multiple ponds and flow-control levees within
ponds are examples of design features which can be used to minimize
short-circuiting (Oswald, 1973) .,

Since the major concern regarding pond effluent quality is

related to the presence of algal cells, one approach to improving

quality is to minimize the algal cell content in the effluent, One

method of accomplishing this is to provide an outlet design which will
permit effluent withdrawal from various depths. Since the greatest
algal concentrations occur within two feet of the water surface,

effluent withdrawal at greater depths may be desirable.




Effluent chlorination serves to reduce bacterial numbers as
well as algal cells; however, the release of cell products may be
undesirable (Missouri Basin, 1971).

Tertiary treatment of pond efflucents could be provided if
high effluent quality is necessary. This type of treatment is usually
aimed at. removing algal cells (Stander, et al., 1970). Physical
separation can be accomplished through the use of micro-strainers or
rock or sand filtration (Missouri Basin, 1971, Kothandaraman and
Evans, 1972; Lewis and Smith, 1973; and Marshall and Middlebrooks,
1974). Chemical precipitation of algal cells through the addition
of alum, lime, ferric salts, or cationic polymers has been reported
in the Missouri Basin report (1971) and by Kothandaraman and Evans
(1972), Lewis and Smith (1973), and Folkman and Wachs (1973). The
ultimate disposal of the harvested algae may involve uses such as
animal feed supplements, soil conditicuners, and gas production
(Kothandaraman and Evans, 1972).

Biological approaches for removing algal cells and improving
pond system effluent qualities include the use of maturation ponds
(Marais, 1966; Gloyna, 1971; and Potten, 1972); or algal cell predators
such as Daphnia (Dinges, 1973), water hyacinths (Miner, et al., 1972),

and fish (Lewis and Smith, 1973; and ‘Spear, 1974).

2.11. Operation and Maintenance

In principle, the operation of a waste stabilization pond is

simple; however, if inadequate operation and maintenance occurs the
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advantages gained through the treatment of wastewaters may be lost
(Gloyna, 1968). ﬁegular inspections must be made of the levees,
surface growths, and general pond performance. Ponds are usually
equipped with control devices that regulate influent ratés, effluent
releases, and liquid levels. These devices must be inspected regularly,
Stopgates and valves will rust and deteriorate unless properly main-
tained. h

Nuisance midges and mosquitoes have be:n found to breed in
ponds in large numbers. With particular reference to mosquitoes,
it is necessary to exercise stringent maintenance procedures. It is
undesirable to allow sludge deposits to develop on the levees. Weeds
and grasses provide shelter for moéquito larvae. A minimum water
depth of about three feet will prevent the emergence of most aquatic
plants. The grasses and weeds at the edge can be controlled by-
mowing. In the United States portable flame throwers or burners have
proven useful in burning the small weeds and grasses along the pond
edge. The usé of herbicides and soil steri}ants at the edge of the
water has also proven beneficial (Canter and Englande, 1970). The
introduction of top-fceding water minnows, Gambusiae, may be worth-
while in secondary or tertiary ponds (Sholdt, et al., 1972).

Almost every p;nd will periodically have a scum or floating
algal-mat problem. This scum will be blown toward a cornmer of the

pond. If permitted to accumulate, serious odor and insect problems

will arise. After scum accumulation occurs, the only solution is to

agitate the water sufficiently so that the material will again settle




to the bottom or become dispersed. Secveral facilities in the United
States utilize gasoline-powered paddle wheels mounted on a raft,

Water jets have proven equally successful. The location of the surface
aerator in critical corners could also help alleviate the problem
(Canter and Englande, 1970),

2,12, Cost Considerations

Land ccst is the major item in the inicial investment in a
pond system. Although the costs for each pond system have to be
considered separately, some general costs information can be pre-
sented. 1In 1966, Wright indicated that the median first cost of a
waste stabilization pond was $12 to $20/capita. This was estimated
to be about 25 to 50% of the first cost of an equivalent conventional

biological treatment plant. Wright also indicated that the operating

and maintenance costs for a pond were about $0.20 to $1.00/person/year{

This figure represents about 25% of the cost of operating an equivalent
conventional plant. Gloyna (1971) presented detailed information on

pond costs in the United States and around the world.




Chapter 3

EXPERIMENTAL PROGRAM AND RESULTS

A field pond study was conducted for a period of approximately
five (5) years from February, 1969, through NMecember, 1973. There were

four major gpcrational phases, each having a specific purpose and each

i

being separated from the others by time. Thé purposes were as follows:
(1) Phase I: To determine whether, for a given wastewater
loading, a four- or six-foot liquid depth offered the better
treatment, and to establish a base of reference data to which

the data from the subsequent three operational phases could be

compared. This phase was cenducted from February, 1969,'to
June, 1971.
(2) Phase II: To determine the optimum wastewater loading for
| a single-celled pond. This phase was carried out from June,
1971, to August, 1972.
(3) Phase III: To determine whether, for a given wastewater
loading, a single-celled or a two-celled pond system offered
more advantages. This phase was accomplished from August,
1972, to July, 1973.
(4) Phase IV: To determine if the addition of a small anaerobic
pond at the beginning of a two-pond series system would reduce
E wastewater short-circuiting and allow a greater quantity of

solids settling, thereby permitting a substantial increase in
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bacterial and BOD removals as compared to systems where only

facultative ponds were involved. This phase was the focus

from July through December, 1973,

3.1. Description of Operational Phases

_In Phase I (February, 1969, to June, 1°71), two pilot stabili-
zation pondg were used. Each of the two ponds had length to width
ratios of 2:1 and embankments with horizonta) to vertical slopes of
3:1. The berms of the ponds were eight feet above the pond bottoms,
and each of the two ponds had a 0.5 acre surface area when operated
at a liquid depth of five feet. Wastewater entered the ponds through
vertical risers which extended six inches above the bottom of each
pond, z2nd werc located one-third of tha length of the ponds from the
influent end. Approximately siy feet from tha opposite end, the
effluent was discharged into a standpipe. Baffles around each
standpipe excluded floating material in the top three inches of
each pond.

Data collection commenced during February, 1969, with the two
stabilization ponds being operated independently and having different
depths (Figure 3.1). The pond designated as "Pond 1" was operated
at a six-foot depth, and the pond de;igna:ed as "Pond 2" was operated
at a four-foot depth. The wastewater loadings were held relatively
constant at about 200 lbs. BOD/acre/day for Pond 1 and at 250 lbs.

BOD/acre/day for Pond 2 for the duration of Phase I.
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In April, 1971, the six-foot pond was drained and structurally
modified so that it would maintain a depth of four feet. This pond,
Pond 1, was placed back in operation in June, 1971, marking the
beginning of Phase II (June, 1971, to August, 1972). During:Phase 11
independent operation of the ponds was continued, however’, both ponds
had four-foot depths (Figure 3.1.). Phase IT was accomplished using
the percent;ge removal of BOD within the ponds as the criteria for
failure. The BOD loading was increased to Po:d 1 over the Phase 1
loading by increasing the influent flow until failure occurred.

The BOD loading to Pond 2 was correspondingly decreased by decreasing

the influent flow.

During Phase III (August, 1972, to July, 1973), Ponds 1 and 2

were operated in series as shown in Figure 3.2. Series operation was

accomplished by constructing a channel between the two ponds which

was perpendicular to and midway along the pond lengths, and by capping

the standpipe in Pond 2, thus raising the liquid depth of Pond 2 to

five feet. The first pond (Pond 2) in the two-pond system ranged

from 235-600 1bs BOD/acre/day, the system loading was from 135-337.
The construction of a third pond was accomplished in the spring

of 1973 so that Phase IV (July, 1973, through December, 1973) of the

project could be conducted. The third pond was an anaerobic pond
having a length to width-ratio of 3:1. The embankments of the third
pond had horizontal to vertical slopes of 1:1., The berms were
twelve feet above the pond bottom and the surface area was 1,716

square feet (0.039 acres) when operated at a six-foot depth.
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Figure 3.1: Pond System Operational Arrangement for Phases I and II.
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Figure 3.2: Pond System Operational Arrangement for Phase III,
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Wastewater entered this pond by means of a twelve-inch concrete pipe
placed horizontal to and three feet above the pond bottom. Waste-
water exited the pond at the opposite end by means of a "T" attached
to the end of a twelve-inch concrete pipe. Flow into and out of
the pond was by gravity. The wastewater flow was from this small .
anacrobic pond, which was designated "Pond 3", to Pond 2 an; then
; to Poﬁd 1 as shown in Figure 3.3. The overali loading on this three-
pond system ranged from 105 and 242 lbs. BOD/..cre/day. The BOD
loadings on the system had to be kept low due to the smallness of
{ the anaerobic pond. This small pond had an average theoretical

detention time of 0,43 days with BOD loading rates ranging between

4,900 and 11,200 1bs. BOD/acre/day.

i 3.2. Methods and Materials

3.2.1. Flow Characteristics

: ’ The pilot stabilization ponds were located on Miraflores Island.

The Island is bracketed by Fort Clayton and the Rio Grande River on

. one side and the Panama Canal 6n the other side. Wastewater from Fort

Clayton, Cardenas Village and the Curundu Elementary School was col- %
lected in a sewer system which flowed to a pump station directly

. across the Rio Grande from the stabilization ponds. The flow was

pumped beneath the Rio Grande, across Miraflores Island and into the

1 Panama Canal via a force main.

| NS

The pilot ponds were constructed next to the force main. A

1.3
=

2 valve was placed in the force main so that the flow to the pilot ponds
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Figure 3.3: Pond System Operational Arrangement for Phase 1V,
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eould be regulated. Regulation of the flow was diffieult. The pump
station had a stilling well and flow was pumped intermittently at
different intervals. During the peak flows on a typieal'day the
surges came at five minute intervals and lasted thiree minutes. As a
result of large amounts cf infiltration and the intermittent pumping
the flow was impossible to regulate within mcre than 50 lbs. BOD/aere/
day. h

Upon diversion of a portion of the wa%tewater in the force
main to the pilot ponds, the wastewater entered a small stil.ing well
which allowed an equal division of the wastewater when desired. From
the small stilling well ;he wastewater entered the ponds as described

in the previous section, The final pond system effluent flowed into

the Panama Canal.

3.2.2, Wastewater Characteristics

The wastewater colleeted in the Fort Clayton sewer system
represented the wastewaters of approximately 7,000 people. Six
thousand persons lived in family housing while 1,000 people lived in
barracks and ate in military dining faeilities. Although another
500 people worked within the sewered area, it was assumed that a
like number of people worked outside.the area as cam; to the area on
a daily basis. The 900 children who attended the elementary sechool
all lived within the Fort Clayton area, so they were ineluded in
the 6,000 persons living in family housing.

The wastewater from Fort Clayton had an average flow of 1.1

million gallons per day. The wastewater was predominantly domestic
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in nature. The Fort Clayton area has no major industrial-type
activities and no significant major medical facilities. There vere,
however, several military motor pools and automobile repair garages
situated among the many family housing units, barracks buildings, and
administration facilities.

The Fort Clayton area had separate sanitary and storm sewer
colléction'%ystems. It is known, however, that sufficient quantities
of runoff infiltrated the sanitary sewer system to significantly
effect the characteristics of the collected wastewater. It is
realistic to anticipate that similar infiltration will occur at
most Army camps or bases located in tropical areas.

Not only were there large amounts of infiltration throughout
the project, but it became increasingly worse as the project oro-
gressed. To illustrate the increasing infiltvations, the following

figures are given to show the weakening of the wastewater with time:

Time Period Average BOD_(mg/1)
February, 1969 - December, 1972 179
January, 1972 - September, 1972 167
October, 1972 - June, 1973 145
July, 1973 - December, 1973 118

Besides the quantity of infiitration, there are other character-
istics which may vary from installation to installation. The wastewater
received by the pilot ponds of this project hgd passed through pumps;

a comminuter and grit chamber which may or may not be present in

other Army installation sewer systems. The indigenous pathogens vary

~59-




greatly from tropical area to tropical area. The effect of stabili-
zation ponds on pathogens which are not present in the Canal Zone
can only be estimated. The quantities of bacteriological data
recorded and analyced during this project should allow reasonable
predictions of removal efficiencies of pathogens not indigenous to
the Canal Zone. Also, the climatic conditiors would differ from

-8

area to area,

3.2.3. Parameters

The following parameters were analyzed and recorded during
this project:
(a) Hydraulic Loading (1) Phosphates (Total, Ortho-,
(b) BOD Loading Poly-)
(c) Detention Time (3) Algae (Concentration & Profiles)
(d) Depth Profiles (Temperature, (k) Meteorclogical Data (Temperature,
DO, & pH) Precipitation, Relative Humidity,
(e) Nitrogen (NH3, Nitrate, Nitrite, Vertical Eppley Radiation, Wind
& Organic Nitrogen) Direction & Speed & Evaporation)
(£) cop Bacteriological Data (Total

(8) Solids (TS, S§, Volatile, Colony Counts*, Quautitative and

& Settleable) Qualitative Bacteria Counts, &

Acidity & Alkalinity Fecal, Escherichia coli, & Total

Coliform Counts).

*Incubated at 25°C and 37°C,




3.2.4. Discussion of Parvamecters and Sawpling Procedures

(a) Wastewater flow: The flow entering the pilot ponds varied

greatly within a given twenty-four hour period, with peak flows
occurring just after meal times and little or no flows betwecen mid-

night and six a.m. When daily or weckly flows collected by the

sewer system are compared to flows occurring on another day or for

another week, the flow variations are small with exceptions occurring
as a result of infiltration after periods of 1eavy rainfall,

Monitoring the wastewater flow into the pilot pond systems
was accomplished daily for the duration of the project, utilizing a
9-inch throat Parshall flume and a Stevens Total Flow Meter and Water
Level Recorder. Both the total flow meter and the water level recorder
were required because of the intermittent hvdraulic loading of the
pond systems. The influent and eifluent of the small anaerobic pond,
Pond 3, were assumed to be the same. It was felt that the size of
this small pond and the volume of wastewater transiting it each day
justified this assumption. The flow betweon the two larger ponds,
Ponds 2 and 1, was recorded using a 9-inch throat Parshall flume and
a Stevens Total Flow Meter. The flow level recorder was not required
at this point since this flow, unlike the system influent, was
steady. The final effluent flows of the pilot pond systems entered
3-inch throat Parshall flumes and were measured by Stevens Flow Level
Meters.

{b) Biochemical Oxygen Demand: The 5-day, 20°C BOD was deter-

mined according to procedures set forth in the twelfth edition of
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Standard Methods. The azide modification of the iodometric method for

BOD dissolved oxygen determination was utilized, An a@erage of seven
samples per month from each sampling point were analyzed for their
BOD content for the duration of the project.

Samples for the determination of BOD concentrations ia the
pilot. pond systems influents were initially collected utilizing a
Serco Automatic Saﬁpler. This sampler is designed to take twenty-
four samples, one each hour, for a given twen:y-four hour period,
thereby producing a sample which resembles a twenty-four hour com-
posite sample. However, because of the intermittent flow to the
pilot ponds no more than“seven of these hourly samples were collected
on any given day.

A study was conducted to determine how represcutative girab
samples were of the twenty-four hour composite. Six twenty-four hour
composite studies were conducted on the system influent over a three
month period. The samples were composited on an hourly and on a
daily basis. Also, grab samples were analyzed to determine if they.
were representative of the hourly samples of the hour in which they
were taken. It was also discovered that grab samples taken between
0800 and 0900 hours were representative of the twenty-four hour
composite samples. In the six surve;s conducted, the average
difference in BOD concentration found in the grab samples taken
between 0800 and 0900 hours and in the composite samples was less
than four percent.

As a result of the composite studies, and considering the

few hourly grab samples collected by the automatic sampler, the
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problem of refrigerating the collected samples, and the general
physical condition of the sampler, the use of the Serco Automatic
Sampler was discontinued in January, 1972. From January, 1972,
until the end of the project the system influent samples were grab
samples taken betwecen 0800 and 0900 hours.

Samples for thie determination of LOD concentrations in the
effluent of.}he small anaerobic pond, Pond 3, were grab samples
collected between 0800 and 0900 hours. The wistewater samples col-
lected from the channel between the two larzer ponds, Ponds 2 and 1
and from the final effluent channels of the pond systems were collected
using Stevens Composite Samplers. The sample taken between the two
larger ponds was refrigerated by placing the composite sampler in an
insulated box into which refreerable "Ice-Pak's" had boen placed.

The finzl effluent samplers werc kept inside refrigcrators.,

As has been shown, many parametcrs were monitored. Although
these many parameters have been analyzed in this report to determine
their relationships and significance, most played a very small role in
the planning and controlling of the research. For the most part, the
BOD parameter was used to plan and control the quantity of wastewater,
and therefore, the wastewater loadings utilized throughout the research
project. The BOD was chosen as the régulacing parameter for several
reasons. The majority of other research reported in the literature
uses BOD as the controlling parameter, and even when BOD is not the
controlling parameter, it is almost always recorded. Thus, there is

a large amount of information on BOD loadings and removals for different

~-63-

N




types of pond systems. Also, BOD is a universally accepted parameter

for designing and monitoring wastewater treatment facilities. Last

but not least, the manpower required to analyze and evaluate all the
parameters so that they all could be used to control and monitor the
wastewater which the ponds were receiving was neither available nor
practical.

Thé.BOD values shown in this report were all determined without
filtering or centrifuging the collected samples. The BOD values were
determined on several cccassions after the samples had been centrifuged,
The centrifuged samples always resulted in a BOD removal of greater than
90 percent. It was felt that centrifuging removed a significant number
of solids as well as algae. Also, it was felt that even if solids were
not removed that the algae discharged into a receciving body of water
may represent a significant oxygen demand on the receiving waters.
Therefore, it is felt that this is the most representative means by

which to present the BOD data.

(c) Depth Profiles (Temperature, DO, & pH): Concentrations of

dissolved oxygen and temperature at preselected vertical intervals in
the two larger stabilization ponds were determined using a Yellow
Springs Instruments Company, Model 51 Oxygen Meter. This instrument
was equipped with a probe having a ld-foot lead. The cathode of the
probe was a gold ring imbedded in a lucite block, and the anode was

a silver coil recessed in the central wall. The electrolyte around
the anode coil was a half-saturated solution of potassium chloride.

Field calibration of the probe was performed against the known




concentration of oxygen in ambient air. Laboratory calibration was
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